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ABSTMCT 

Two photodetection studies of the narrow gap IV~VI alloy semiconductors 
were made. 

In the first study, the photoconductlve response of Pb^ ^Sn^ ^Se and 
^gSn^ ^2^® were investigated. Thin film samples were deposited on 
cleaved GaF 2 ajtd BaFg substrates by the one boat evaporation method and 
isothermally annealed to cnhatnce their photoconductlve sensitivities. 
Photoresponse was obtained in Pb^ samples. In agreement with 

previously reported results by W, McBride and K, Holrcquist of this labo- 
ratory, (ill) oriented fi3.ms were much less sensitive tham (lOO) oriented 
films. No photoconductlve response has been developed in Pb^ 22 ^®* 

In the second study, single hetero junction Pb^_^Sn^Te diodes fabri- 
cated by sequential depositions of p type Pb^ g^Sn^ and n type 

Pbp gSn^ 2 ^® Vi'ere studied. Their electrical properties were studied by 
LCDR G, L. Smith in a companion thesis. Operated at 90°K, 500°K black- 
body responsivities up to 0,19 volt/v?att have been obtained. It is be- 
lieved that this is the first time photovoltaic sensitivity has been found 
in Pb^__^Sn^Te hetexo junctions. Noise measurements were also made. It 
was found that noise voltages in oxir photovoltaic diodes are much lower 
than in photoconductlve samples. 
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I. lOTRODUGTION 



Long-wavelength infra.red (LWIR) devices, especially In the 8-14 micron 
region, have been very actively developed in the past decade. Their appli- 
cations include imaging, surveillance, remote sensing applications, and 
use in CO^ laser systems. 

Narrow-gap IV-VI alloy semiconductor devices, namely Pb. Sn Te and 

Pb. Sn Se have been getting most of the attention in the past two to three 
X — y y 

years (Refs, 1-6). This is due to the fact that their energy gaps can be 
made arbitrarily small by varying the alloy composition. This allovrs them 
to be tailored to a specific wavelength range. They seem to have some 
metallurgical advantages over another small energy gap alloy system 
Kg> ^Cd^Te which has been extensively developed since the late 50* s. 

This thesis deals with photoconductivity in Pb^^ ,^3n^Se and photo- 
voltaic response in Pb._^Sn^Tc single hetero junctions. Previous work has 

been done on Pb. Sn Se by RGA Princeton Research Laboratory, General 
i-y y 

Electric Research Laboratory, Dr, I. Kasai and Dr, G.C. 'Jang, and by 
K. Holraq^uist and W. McBride of Naval Postgraduate School (Ref. ?-8). The 
latter two reported quantitative photoconductivity results in PLq ^Sn^ ^Se 
in December 1972. A recent study on single he tero junction Pb^ ^Sn^Te was 
reported by J. Fernandez of Naval Postgraduate School (Ref. 9) also in 
December 1972. 

The purpose of this thesis was to further study the photoconductivity 
in Pb^ ^Sn^ ^Se and to determine if Pb^ ^gSn^^ 32 ^® exhibited any photocon- 
ductive response and to measure the photovoltaic response of single heter- 
o junction ..^^Sn^Te photovoltaic diodes. This was a joint thesis project 
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J, ii, ,14 ,14 ,1.; 
j, ,14 ,14 ,14 ,1.; 
AJiiHsiMsii-; 



conducted ty the author and LGDR G. L, SMITH, U.S.N, SIIETH concentrated 
on device fabrication, I-V analysis, and G-V analysis while the author 
of this thesis concentrated on the photoresponse properties. 
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II. PHOTCDIgrEGTORS 



The "basic principle of a photodetector is carrier generation, or 
creation of electron -hole paj.rs, by incident light. If the signal detec- 
tion mechanism is based upon measuring the change in conductivity due to 
the added carriers, the effect is known as the photoeonductive effect. 

If the carriers are generated at some point at which a potential barrier 
exists, the charges will be separated, producing a voltage. This is 
knovm as the photovoltaic effect. This addition of carriers is produced 
in three different ways in semiconductors as shown in Figure 1 . Figure 2 
shows the three excitations in terms of the absorption coefficient a and 
the wave-length K, 

The first, intrinsic excitation, occurs when the photon energy of the 
incident radiation is greater than the energy gap of the semiconductor. 

The incident energy is absorbed by an electron in the valence band and the 
electron is excited enough to pa.ss into the conduction band. This leaves 
behind a hole in the valence band which creates an electron-hole pair 
which is free to move and contribute to the electric conductivity. The 
second mechanism is the extrinsic transition or transition of carriers 
from one energy band to an imperfection level in the energy gap. This 
produces free holes and bound electrons or free electrons and bound holes and 
occurs Tfhen the incident energy is insufficient to excite a carrier across 
the energy gap but large enough to excite the carriers to some impurity 
level. The third mechanism occurs when the incident energy is insuffi- 
cient to excite carriers to any impurity level in the energy gap. The 
photon energy can then excite caDcrlers in the conduction band which raises 
the kinetic energy of electrons by the electric field. 
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A. THE PHOTOCONDUCTIVS DETECTOR 
1 , Current Hechanlsms 



Considering only intrinsic excitations in a seirdconductor the 
change in free carrier concentration appears as a change in the conduc- 
tivity of the isaterial. This is expressed in the folloviing equations. 

d<T= e(An|I^ + App^) 

In the above eqxiations cr^, n^, and p^ are the dark conductivity, free 

electron, and free hole concentrations caused by thsrinal excitation, and 

Act, An, and a p are the changes in these quantities due to incident light; 

u. and |i, are the electron and hole drift mobilities and e is the elec- 
^h 

tronic charge. Incident electromagnetic radiation will be detected 
either as a change in the voltage across tlie sample or as a change in 
the current flowing through the sample. 

2. Etccess Carrier Lifetime 

At a given temperature, thermally excited carriers (n^ and p^) 
always exist in a semiconductor. The excess carriers (An andAp), how- 
ever, exist only when there is some foria of external excitation. This 
gives these excess carriers a finite lifetime. If the change in free 
carriers with time or generation per unit volume is called f , then 

d(An) _ An _ _ d( A u) „ A p _ ^ 

dt r dt T . 

e h 

or n = fr p = fr, 

e ^ h 

Where r is the excess electron lifetime and t, is the excess hole 
e h 

lifetime. Since the phoconductlvity depends on the density of free 
carriers, it can be seen that excess carrier lifetime plays a very im- 
portant part in photoconductive response. 
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3, Fhotoconductlve Gain 



Photoconductive gain can be expressed as the ratio of excess 
carrier lifetime to the time req.uired to move between the electrodes. 
The time betv?een cD.ectrodes or transit time (T^) can be expressed in 
terms of the dista.nce between electrodes (L), the electron and hole mo- 
bilities (fi and li, ) 3.nd the applied voltage, 
e n 

2 2 

T T 

He \l V th |i. V 

"^e n 



Expressing the gain as 




and combining the tvro equations gives 




and letting b = 




This is an idealized picture and does not take into consideration the 
material dielectric relaxation time t The maximum gain in a photo- 
conductor is obtained when the transit time is equal to this dielectric 
a^laxation time. 

Q = h 

max 



This again shows that photoconductive response is controlled by the ex- 
cess carrier lifetimes and also by the material properties. 



B. GENERAL THEORY OP PHOTOVOLTAIC DETECTOIS 

A basic requirement of all photovoltaic detectors is the presence of 
a junction. In this study, homojunction and heterojunction photovoltaic 
detectors are considered. The basic sequence for both of these is the 
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production of excess carriers tiy incident radiation, then separation of 
the excess cairrlers hy an internal electric field leading to a photovoltage. 

1. Ho:no.iunction Photovoltaic Detectors 

The photovoltaic effect can be seen best by studying the energy 
band diagram shoTm in Figure 3. 1)^ the absence of incident radiation on 

the junction, the fermi levels (Ej,) of the n and p regions are aligned 
and an Internal electric field (s) exists at the potential barrier in the 
direction of the arrow in Figure 3. This internal electric field pro- 
d\ices the sane effect aus the external bias on a photoconductor. This 
eliminates the need for biasing a photovoltaic detector, A typical volt- 
age-current characteristic of a photovoltaic detector is shown in Figure k 
under dark and illuminated conditions, 

V/hen incident radiation falls on the semiconductor a motion of 
electron minority carriers in the p-type portion across the barrier and 
a motion of hole minority carriers in the n-type portion across the barrier 
together constitute a current flow in the reverse direction of the barrier. 
If the junction is short-circuited, the sura of the two currents is the 
observed short-circuit current Isc, shown at point B on Figure 4. If the 
junction is open-circuited, a voltage is built up across the junction 
just sufficient to counterbalance the current flow I. This is the open- 
circuit voltage and is shovra at point A in Figure 4. 

If radiation falls in a region remote from the junction, there 
will be no photovoltaic effect. If, however, the radiation falls within 
one diffusion length of the junction, the carriers will be able to diffuse 
to the junction and be separated, producing a photovoltaic effect. The 
sensitivity profile of photovoltage near the junction is shown in Plgxure 5« 
The minority carrier diffusion lengths, L and L, are defined as the 
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FIGURE k. RECTIFICATION CHARACTERISTICS OF A PHOTOVOLTAIC DIODE 
* Ur®ER D.^'C (1) A2JD ILLUMINATED (2) CONDITIONS 
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points where the relative photoresponse has decreased to a value of l/e 
of the junction value. 

The diffusion length is related to the mobility and lifetime in 
the following manner: 



L = ( T D 
ep ' ep ep' 



^n ^ "^hn ^hn^* 



ViTiere t a-nd t, are the minority carrier lifetimes, D and D. are 
•• ep ^hn ' ’ ep hn 

the minority carrier diffusion coefficients in p-type and n-typs semi- 
conductors respectively. The diffusion coefficients and mobilities are 
related by the follov.lng eo[uation for non-degenerate senicondvictors. 



In detectors vrhere the radiation is incident perpendicular to 
the junction either the p or the n region must be very thin. The sepa- 
ration of excess carriers takes place in and near the junction so the 
ra.diation must pass through the material to the junction for photovoltaic 
response, The depth of penetration of radiation is inversely proportion- 
al to the absorption coefficient a. This means that for a typical a of 
If. _i 

10 cm the depth of penetration is only approximately one micron. 

The simplest relationship for a p-n junction is given by 
I = I^[exp(eV/kT) -1 ] 

S 



In this eq_uation I^ is the saturation current of the device. This, how- 
ever, does not agree with experimental results and must be modified as 
follows. 

I = Ig [ exp (eV/ V kT) -1 ] + - Ig^ 

Here Ggjj is the conductance in shunt with the diode, Ig^ is the current 
induced by incident radiation and ’7 is an empirical, constant which nay 
include several mechanisms causing the deviation from ideal rectification 
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FIGURE 5. PROTOVOLTAGE SENSITF/ITY PROPnii IffiAR A p-n JUNCTION 
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such as carriei's created by phonon generation-recombination process 
Inside and near the vicinity of the junction and tunneling. For the open 
ciricut case no current can flow and the open circuit voltage becomes 



'OG 



ns L ^^£4^ +1 ] 



For the short circuit case there is no voltage across the junction so 
2. Ketero junctions 

Heterojunction photovoltaic detectors have a different energy 
band diagram as shown in Figure 6, One of the important differences is 
called the windovr effect. This Involves incident radia,tion ;rith insuffi- 
cient energy to generate carriers in the wide bandgap material to pass 
unattenuated to the narrow gap material where they are absorbed. This 
allows a high generation of carriers in and near the depletion region. 

The current mechanisms in heterojunctions are not fully understood 
at this time. Several comprehensive studies have been made by Anderson 
(Ref, lO) and Donnelly and Hilnes (Ref, 11 ). Anderson proposed that the 
current obeys the following relationships. 

J = -1) 

a - A 

o 

D 1 

A = XqN ( Y 

^2 ^ p 
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J = c\irrent density 

J = saturation current 

0 

q = electron charge 

V T applied voltage 

»» = deviation from an ideal diode 

k = EoltziiianrfG constant 

Q 

T = temperature in K 

Vjjp = barrier to hole current flow 

X = fraction of carriers with sufficient energy to cross the barrier 
which actually cross the barrier 

N. = number of holes on the p side of the junction 

Dp = diffusion coefficient of holes 

T = lifetime of holes 

P 

This is the model proposed for the heterojunction diodes investigated in 
this research. The above model is thoroughly investigated in Ref. 22. 
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C. N0I3S IN INFxTARBID PHOTODETSGTOR3 

Since noise is -ultimately the limiting factor in any photodetector, 
it must be given some consideration before detector figures of merit can 
be defined. 

The four main contributors of noise in IR photodetectors are 1) Johnson 
noise, 2) l/f noise, 3) Generation-recombination noise, and 4’) baci^round 
radiation noise. Noise is thoroughly covered in (Refs. 14-18). 

Johnson noise is related to the free charge carriers moving about in 
a crystaJL lattice. Noise is caused when the carriers bump into each other 
or into the crystal lattice atoias. Johnson noise is independent of fre- 
ciuency and current but varies vrlth the absolute temperature (t), the re- 
sistance (r) and the noise eq.uivalent bandi»ddth ( 4 f) as shovm by 

Vj = [4kTR Af ]2 
where k is Boltzmann’s constant. 

As opposed to Johnson noise, l/f noise is dependent on frequency and 
current through the detector. The mechanisms which govern l/f noise are 
not very vrell understood at the present time. It is thought that in 
photoconductors the major source of the noise is at the surface of the 
material. Significant noise of this type also is caused by non-ohraic 
contacts. In photodetectors, this noise is proportional to the density 
of the surface states at the Fermi level. Since the surface state density 
at the Fermi level is temperature dependent, l/f noise is also dependent 
on temperature and increases with decreasing temperat'ore . In many com- 
mercial photodetectors l/f noise is negligible at frequencies above a 
few hundred Hz. 

In most photodetectors, the main source of noise at frequencies above 
which l/f noise is troublesome is generation -recombination noise. This 
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corresponds to the shot noise foixnd in vacuum tubes. It is due to valence 
band electrons being freed by lattice vibrations which leaves them free to 
combine during their lifetime. The power spectrum of generation-recom- 
bination is flat from low frequencies up to a frequency vmich is approx- 
imately the inverse of the free carrier lifetime. 

Background radiation noise is always present and must be m3.nimized to 
insure that the signal -to-noise ratio is limited by the detector noise. 
This noise is due to random fluctuations in the number of photons reach- 
ing the detector from warm objects in its surroundings and imposes an 
upper limit on the detectivity of the detector. 

A typical noise figure Vfhich combines Johnson, l/f, and generation- 
recombination noise versus frequency is shown in Figure 7. 



D. FIGURES OF MERIT FOR Il^FRARED PHOTODSTEGTORS 

Infrared photodetectors are defined by certain figures of merit 
describing the performance of the detector under specified operating 
conditions. Typical operating conditions are a blackbody radiation 

source and an electronic noise bandwidth of iHz or 5^3. 

1. Standard Radiation Source 

Since the ideal blackbody can be very closely approximated by a 

laboratory blackbody, it is chosen as the standard radiation source. The 

2 

total power W(watts) incident on a detector of sensitive area (cm ) at 

2 

a distance R (cm) from a blackbody radiator with an aperture Ag (cm ), 
emissivity €g and temperature Tgg (°K) is given by the Stefan-Boltzmann 



law 



W = €, 



“ ’’bb . 
b-fr- • "S • ^ 
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FIGURE 7. GEhmy^IZHD PHOl'CBSTEGTOR NOISE SPECTRUM 




FIGURE 8. TYPICAL SP5XJTRAL RESPOiNSS FOR AN lOTRIirSIG PHOTODETEGTCR 
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Where a is the Stefan-Boltzmann constant. Since a mechanical chopper is 
placed between the so’orce and the detector, the detector is exposed alter- 
nately to radiation from the source and from the chopper blade at temper- 
ature Peak-to-peak amplitude of the signal is then given by 

uli 



° ■ ''^CH ^ ^ 

B S ^ ^ 



This value must be corrected by a value (a ) which accounts for any ab- 
sorption by optical windows auid by which relates the RMS value of 

the fundamental hamonic and the peak-to-peak amplitude of the signal. 
This value = 0,375) is calculated for the chopper used in this work 

in Ref, 7. This gives the final form for the radiation signal on the 



detector. 



''^s “cH ‘^v; 



o (T T 
BB ^ 



^CH 



IT 






Z, Detector Performance Parameters 

The first obvious figure of merit is the signal -to-noise ratio. 
In order to keep the figures of merit standardized, the noise voltage is 

alvrays normalized to one Hz bandwidth. Since all noise voltages are 

JL 

found to be proportional to (Hz)^, the noise voltage is normalized by 

jt 

dividing by (Hz)*^, This gives 



s/n = 



Vjj/(Hz)2 



where is the signal voltage and Y.r,. is the normalized noise voltage, 
Responsivity, R, is the next figure of merit and is the ratio of detector 
signal to the input radiation signal. It can be seen that responsivity 

R = ^ volts/watt 
^S 
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do33 not account for the detector noise which can lead, to confusion, since 
some detectors are very sensitive but are also very noisy. 

Noise equivalent power (NEP) takes the noise into account and is 
defined as the radiation power required to give a signal to noise ratio 
of xinity. 



IIEP = 



V 

'^NN 



v ratt 



Since a smaller NEP indicates a better detector, another figure 
of merit was defined based on the inverted NEP and is called detectivity 
(D), The detectivity expi'esses the signal -to-noise voltage ratio obtain- 
ed per watt of radiant power. A value more commonly used instead of 
detectivity is an area independent figure of merit (D^). It has become 
common usage , i. 

^NN ^3 

to refer to (]>*<■) as detectivity and whenever the term appears herein, it 
Td.ll refer to 

3 « Spectral Response 

Since photodetectors are photon detectors instead of energy de- 
tectors, it seems that the spectral response Tiould be measured by radia- 
tion from a constant photon source. This, however, would require a 
reference photodetector idth a flat response over an extended infrared 
wavelength region, which are not made. The measurement is made >dth a 
constant energy radiation at the detector by monitoring the output from 
the exit slit of a monochromator with a thermocouple throughout the 
spectral range of measurement. The response of the photodetector is then 
normalized to a constant input power by dividing it by the thermal de- 
tector response at each corresponding wavelength Interval. A typical 




1 



cm(Ks) 
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spectral response curve for a photodetoctor Is shown in Figure 8, The 
photoresponse is small at long wavelengths since the incident radiation 
does not have enough energy for intrinsic or extrinsic excitation. It 
rises vfhen the photon energy is near the energy gap in photoconductors 
and homo junction photovoltaic detectors. In hetero junctions the curve 
is more complicated by having two different energy gaps and a not fully 
understood conduction mechanism, but has a similar shape. The drop at 
shorter wavelengths is due to the increase of the absorption coeffi- 
cient, This causes all the incident energy to be absorbed very near the 
surface , 



E. PRSSEI'IT DAY STATUS OF Pb-Sn CHALGOGENIDS PHOTODBTSGTOPS 



1 , 



Thin Film Pb^ ^Sn^ ^ 



Se Photoconductive Detectors 



Photoconductivity in the tvro alloy systems, Pb> Sn Te and 

X X 

Pb,_ Sn So has not been well developed. Considerably more work has been 

y y 

done on Pb, Sn Te than on Pb, Sn Se , Several attempts have been made 
X "*x X X jjT y 

in developing _ ,Sn Se photoconductive detectors at the EGA Princeton 
Research Laboratory, however, no quantitative results indicating photo- 
conductivity were reported. Some work on Pb^ ^Sn^Se has also been done 

by Dr, I. Kasai and Dr, C, G, Wang, In December, 1972, responsivities 
7 —1 

as high as low 10' (cm-Hz^-U ) were reported by K. Holmquist and 

W, McBride of the Naval Postgraduate School in Pb» oSn_ ,Se (Refs, 7-8). 

U « 7 U # X 

2. Photovoltaic Detectors 



a. Bulk Crystal Pb. Sn Te and Pb. Sn Se 

1-x x 1-y y 

. Bvilk crystal photovoltaic detectors have been developed in 

both Pb> Sn Te and Fb. Sn Se by Melngailis and Harman (Ref, 3). Most 
i. *"X X X “y y 

of the work has been on Pb^^^Sn^Te due to their more favorable metallurgical 
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properties. For responsivities as high as 190 Volt/Watt 

10 ^ “1 

and detectivities as high as 10 cm-Hz“-W have been reported for diodes 

vrith cutoff wavelengths in the niicron atmospheric window. 

b. Tliin Film Pb-Te Schotticy Barrier Hiotovoltaic Detectors 

The Scientific Research Staff of the Ford Motor Company 

11 ~ -1 

(Ref. 19) have reported detectivities as high as 6X10 cm-Hz^-W sjid 
peak wavelengths of 5*5 microns on epitaxial Pb-Te, These values are 
comparable to the best that have been reported for p-n junctions in bulk 
crystals. Preliminary studies jjidicate that these detectors may also 
be made from Pb. Sn Te layers although there is yet no report of this 
work. 



F. SCOPE OF THIS STUDY 

This study vj-as concerned with the photoconductive response of 
Pbp ^Sn^ ji^Se and Pb^ ggSn^ "ths photovoltaic response of a 

Pbp gQSn^ 2pTe n layer, Pb^ ggSn^ p layer hetero junction diode. 

1. Photoconductive Fd. Sn Se 



The variation of the energy gap with variations in alloy compo- 
sition for Pb>_ Sn Se is shown in Figure 9* This xuiique property allows 

* Jr j 

a detector made from this material to be tailored for operation at any 
point in a given spectral r-egion. 

This thesis dealt with samples of two different compositions > 
y = 0,10, y = 0,32, The differences in the energy gap are shown in 
Figure 9« As stated previously photoconductivity hats been measured and 
reported in Pb^ ^Sn^ j^Se, however, no work has been attempted on the 

photoconductive study of Pb^ ggSnQ purpose of this thesis was 
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FIGUH3 10. EN'ETi'Gy GAP OP Pb. _,Sn Te AS A PUNCTION OF x, THE 
MOLE FRACTION OF SnTe AT 7 ?”k 
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to further amplify on the reported photoconductivity in the y = 0,10 
composition and to see if any photoconductivity could be found in the 
y = 0,32 composition, 

2, Pb^ ^Sn^Te Single Heterojunction Photovoltaic Detectors 

Variations in alloy composition of Pb. Sn Te prod.uce energy gap 

changes similar to those in Sn Se as shown in Figure 10, This 

** **y y 

allows tailoring to a specific point in a given spectral region. Due to 
their small energy gaps, both Pb, Sn Se and Pb> Sn Te fit into the 8-14 
micron atmospheric vrindow. 

In this thesis the alloy compositions used in the single hetero- 
junctions were an n layer of x = 0,20 vrhich gave an energy gap of 0.1 13 
eV and a p layer of x = 0,14 which gave an energy gap of 0,160 eV at 85°K, 
The second purpose of this thesis was to measure the photovoltaic and noise 
properties of these single heterojxinction photodiodes. 
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III. SUIg^ARY OF PREPARATION, ME?TALLiJRGIGAL EVALUATION. AND 
ELECTRICAL MEASURE/iENTS OF Pb^_^Sn^Se THIN FILKiS AND 

Pbl Sn Te SINGLE KETSROJUNCTIONS 
1-x X 

A. Fb, Sn Se THIN FILNiS 
• • 1-y y 

The Pb. Sn Se studied in this research uas in the form of thin films 

1-y y 

deposited on EaP^ and CaF^ substrates. Metallurgical measurements were 
made on the samples in order to determine their crystal structure, orien- 
tation, and thicloiess. The samples were then isothermally annealed in 
the presence of PbSn rich vapor to reduce their carrier concentrations. 
Gold contacts were deposited and copper leaids attached. Hall measure- 
ments were then made from 300°K to 90°K to determine carrier type and 
concentration and Hall mobility, 

1 * Sample Preparation 

In this thesis y values of 0,10 and 0,32 wex^ used. Stoichio- 
metric proportions of Pb, Sn, and Se were vfeighed and melted at 1100°C 
for 24 hours in a vacuum-sealed quartz ampoule. Metal -rich alloy of the 
composition (Pb^ ySny)^_j_^Se was prepared in the same manner for use in 
annealing. Substrates vrere made by cleaving half inch rods of BaFg and 
GaFg along the (ill) plane. These substre.tes were placed under vacuum 
and a heating element was placed above them to control their temperature 
dvtring depositions. Several small chunks of the Pb^ ^Sn^Se source mate- 
rial were placed in a graphite boat approximately six inches below the 
substrate holder, A tungsten heating coil was put around the boat and 
the boat was covered with a molybdenum sheet with a small hole in it, A 
shutter was located between the holder and the boat to control the depo- 
sition. Prior to the deposition, the vacuum chamber was evacuated to 
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approximately 10~ torr and the substrate \.'as heated to the desired 

temperature (270°C to 325°C). The boat was hea-ted to a temperature of 

from 7^0°C to 820°G. When the proper temperatures were reached, the 

shutter was opened and the evaporated Pb^ _ 3n Se condensed on the sub- 

1 y y 

strate forming a thin film. The shutter was left open till the film 
reached the desired thickness, then closed and the system was cooled to 
room temperature, 

2, Metallurgical Evaluation 

The metallurgical evaluation provided information on the thin 
film thickness, crystal structure, orientation and composition. 

The thickness wa.s measured using the interferometric method on 
a Perkin-Elmer spectrophotometer. Thickness was determined by measiiring 
the wavelength difference between peaks in a scan of the transmittance 
versus >?avelength. 

Crystal structure was evaluated from Laue back-reflection photo- 
graphs obtained on a Norelco Laue back-reflection x-ray unit. Crystal 
orientation and composition was determined from x-ray diffractometer scans 
done on a Norelco x-ray diffractometer using a copper target, 

3. Electrical Measurements 

Carrier type, concentration and mobility were determined using 
the standard Hall measurements. The thin film sample was movinted on the 
copper cold-finger, evacuated to 20 microns Hg or less and cooled to 
approximately 90°K with liquid nitrogen. The conductivity versus temper- 
ature was determined during the cooling process by plotting the voltage 
across a pair of contacts parallel to the current flow on the horizontal 
input of an x-y recorder, A thermocouple on the cold-finger was connected 
to the vertical input of the recorder and a constant one milliampere 
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current vfas passed through the sample. V/hD.e the sample was grad.ually 
brought up to room temperature, the Hall voltage was measured across a 
pair of contacts perpendicular to the plane of the thin film, A magnetic 
field of 5000 Gauss vras alternately turned on and off to produce the Hall 
voltage. The Hall voltage versus temperature was plotted on the recorder 
and calculations of the Hall coefficient, conductivity, and carrier con- 
centration, type, and mobility were made from the two plots, 

4, Isothermal Annealing 

Isothermal annealing was used to reduce the carrier concentra- 
tions of the thin film samples after metallurgical evaluation. The samples 
were placed in quartz annealing ampoules along with a, small amount of 
metal -rich source material. The ampoules were then evacuated, back- 
filled vrith helium gas and sealed. Annealing temperatures from 312°C to 
540°C were used from periods of time from three hours to four days for 
y = O.lO composition material. For y = 0,32 temperatures from 375°G fo 
550 °C were used for periods of time from 2,5 hours to two days. 

B. Pbj^_^Sn^Te SI^^GLE HSTEROJUNGTIOHS 

This is a brief summary of the preparation of single hetero junctions. 
The work is covered in detail in Ref, 22, 

1 , Source Materials 

The p layer of the hetero junction vras made from stoichiometric 
^^0 86^”o 14*^® alloy and the n layer vras made from metal rich (Pb^ 

SnQ 2 q)i 4. 5*^®* Increasing the amount of PbSn changes the semiconductor 
from p-type to n-type. Values of 6 from 0,002 to 0,30 were used in this 
thesis. Characteristics of materials vrith varying 6*s are presented in 
Ref. 22. 
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2, Material Preparation 



Materials vere deposited In two different W3,ys. The first nethod 
was the same as used In the preceding section on Pb. Sn Se, except KGl 
was used as the substrate. Since different composition materials are used 
for the n layer and the p layer, the vacuum chamber had to be opened while 
the source icaterials vrere being changed. This exposed the Interface 
between the two layers to the atmosphere for a considerable period of 
time. The second method of deposition eliminated this problem, A multi- 
source deposition unit with two deposition chambers was designed by Mr. Ray 
Zahm. This allowed the p layer source material to be loaded in one cham- 
ber and the n layer source material in the other chamber. After the 
first la,yer izas deposited, the substrate holder was rotated and placed 
over the next deposition chamber and the second layer deposited. This 

allowed the entire deposition of the hot ero junction to be carried out in 
-6 

a 10 torr vacuum. After deposition of the films was completed, a thin 
layer of gold (5000A°) was deposited on the top layer of the hetero junction. 
3. Diode Preparation 

l^hen the substrate was removed after having gold deposited, it 
was cleaved into squares approximately 1mm x 1mm, These were then mounted 
on a TO-5 header with the gold contacting the header. Silver epoxy was 
used to form the bond. The substrate was then dissolved in vrater and one 
mil copper vrire was placed betvreen the diode and header post using silver 
epoxy. 
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IV. EXPBRIMErrr/JL SETUP FOR MBASUREHECT OF BLAGKBODY RESPONSE 



A. DESCRIPTION OF EQUIPWEOT 

The sane basic setup vras used for photoconduct ive and photovoltaic 
response measurements. The four main groups weret 1} the vacuum dewar, 
2) the bias circuitry, 3) blackbody radiation source and radiation mod- 
ulation equipment, and 4) the signal measurement equipment, A block 
diagram of the overall measurement system is sho>ra in Figure 11 . 

1 . Vacuum Dewar 

All photoconductivity and photovoltaic measurements must be made 
at cryogenic temperatures when narrow-gap semiconductors are used. This 
is because at room temperature, the energy gap is only several times kT 
and the density of thermally-generated free carriers is so great that the 
presence of photo-generated free Ccirriers is virtually undetectable. In 
this research all samples were cooled by liquid nitrogen (boiling point 
77^K) which required the use of a vacuum dewar. The vacuum chamber pro- 
vided an insulation between the liquid nitrogen and the atmosphere and 
prevented frost from forming from vrater vapor in the air, A sectioned 
drawing of the dewar is shovm in Figure 12, A copper-constantan thermo- 
couple was mounted on the copper cooling block for monitoring the tem- 
perature of the sample. When photovoltaic measurements were made, the 
sample was moimted on a TO-5 healer and this was fastened to the cooling 
block. The thermocouple was then positioned on the TO-5 header to get 
an accurate temperature measurement. Temperatures for both photoconduc- 
tive and photovoltaic measurements reached as low as 93°K and held 
constant at 100*^K for extended periods of time. 
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2. Bias Circuitry 

Since a photovoltaic detector operates at zero bias, this 
circuitry tras used only for the photoconduction neasirrenients , A schematic 
diagram of the bias circuitry is shown in Figure 13. liie bias circuitry 
was used to produce a low-noise cuinrent in the sample and to detect con- 
ductance changes due to temperature changes in the sample as a voltage 
signal. The system had three main components t 1) the power source, 2) 
the switch box, and 3) "the junction box. The power source was a standard 
laboratory power supply (O- 5 OOV, 0-1 00mA) with an external low-pass filter 
connected for additional filtering. The resistance in the low-pass filter 
was varied depending on the resistance of the sample. The switcii box 
following the poirer supply was used to raaiie measurements of the current 
through the sample or the voltage across it. It could also be completely 
eliminated from the circuit vrhen measurements were being made, The junc- 
tion hox contained the coupling capa.citor and a load resistor. The switch 
box also enabled the load resistor to be switched out of the circuit for 
detector resistance determination. The load resistors vrere low noise, 
vjire vround resistors which were chosen to raatch the detector resistance. 
This provided the maximum signal power transfer. The internal circuitry 
of the dewar consisted of a coaxial cable which provided the photocon- 
ductor bias signal and also carried the photoconductive or photovoltaic 
response signal to the lock-in amplifier. For photovoltaic signals, 
since no load resistor ifas req^uired, the signal was fed directly through 
a one hundred to one ratio transformer to the amplifier. For high re- 
sistance samples (greater than 1 k-ohm) the signal was fed through a 
capacitor to the amplifier since the amplifier noise was very high for 
these source resistances in the transformer mode. 
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3, Radiation Source and Modulation Squipr.ant 



A Bameo model ll-iOlT-l standard latoratory blackbody was used 

as the source of radiation. This source had a fourteen degree conical 

cavity, a twenty degree field of view, an eulssivity of 0,99» s-n aperture 
2 

of 0,^' cm . The radiation was focused through a ICRS -5 >rindow on the 
dewar which had a transmittance of 0.7 for vravelengths of 2-35 microns. 

The temperature was maintained vdthin one degree of ^Oo'^K vfith a Thermae 
controller. The temperature was measured using an iron-constantan thermo- 
couple inserted through the a.perture of the source. 

The radiation was modulated at one kHz by a chopper blade nine 
inches in diameter vrith fifty slots. The blade was driven by an Electro- 
Craft motor-generator and speed controller. The chopper motor was mounted 
directly above the blackbody on a metal stand. 

The lock-in amplifier used to measure the signals from the sample 
required a reference frequency input of precisely the same frequency as 
the modulation. This ims produced by having the slotted chopper blade 
modulate the radiation from a light-emitting diode which illuminated a 
reverse biased silicon p-i-n diode. This produced a signal sufficiently 
strong and free of harmonics to synchronize the lock-in amplifier refer- 
ence oscillator. The circuit used is shown in Figure 14. 

4, Signal Measuring Equipment 

Since the response of both the photovoltaic and photoconductive 
detectors was from several nanovolts to microvolts and accompanied by a 
large amount of noise, precision equipment had to be used for measurements, 
A Princeton Applied Research Model 124 Lock-In Amplifier vfith a model 116 
Preamp was used for measurement of the signal and the noise (Ref, 20). 

The Preamp liad a transformer and direct mode. In the transformer node 
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FIGUFE 14. 



SCHE3"J\TIC DIAGRAi-'i OF CHOPPER FPEQUENCY 

reference generation circuit 
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an impedance matching transformer vras placed between the source and the 
amplifier. This vras used when measuring low resistance samples and pro- 
vided very lovr-noise amplification. The direct mode, where the transform- 
er was by -passed, was used for high resistance samples. In either mode the 
entire amplifer contributed less than 3 d.b of noise at 1 kHz. At lovrer 
frequencies used in noise measureraent , the noise contribution Vfent as 
high as 6 db. 

Following the preamplifier, the signal passed through a bandpass 
amplifier of variable center frequency and bandvridth to filter out all 
unwanted frequencies. The signal was then passed into a synchronous de- 
tector in vfhich the signal v.'as multiplied by the output of an oscillator 
locked to the chopper reference frequency, Tliis conver^ted the selected 
ba.nd of frequencies to an equivalent bandwidth centered at zero Hz by 
the heterodyne process. The output of the synclrronous detector passed 
through a lov7-pass filter with a variable time constant which eliminated 
all unwanted frequency components. The output of the lew-pass filter 
v-jas then read off an average reading meter on the lock-in amplifier. 

The detector noise spectrum vras also measured on the lock-in 
amplifier. This was done vrith the amplifier operating in the AGVM mode 
in v.'hich the output of the bandpass amplifier vrent directly to a full- 
wave rectifier and then to the low-pass filter and meter. The " 10 ^ ENBW" 
setting of the Q selection dial was used which gave an equivalent noise 
bandvridth that was ten percent of the center frequency. Noise measure- 
ments were made at frequencies of from 30 Hz to 10 kHz, At low frequen- 
cies it was necessary to use a high Q value to get rid of power line 
frequency and its harmonics. 
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B. KEASUREMEIfr FR0GEDUR3 

Evaluation of detectivity and responsivity for both photoconductors 
and photovoltaic detectors consisted of essentially the same procedure. 
Noise evaluation vras also the same except for the absence of a load re- 
sistor for the photovoltaic detector. These evaluations consist of prep- 
aration, noise measurement, signal measurement, and caJ.culations . 

1 • Preparation 

a, Photoconductive Detectors 

The BaPrt and CaF^ substrates were attached to the copper 
block of the dewar using silicone thermal grease which insured good heat 
transfer. The leads were then attached to the dewar using low- 
temperature indixim-alloy solder and the dewar was evacuated to approxi- 
mately twenty microns Hg. The blackbody was stabilized at 500°K by the 
Thermae controller and the chopper was synchronized to IkHz by means of 
the Internal oscillator in the lock-in amplifier and an oscilloscope, A 
current was then run through the sample which determined the room temp- 
erature resistance. The sample was then cooled to approximately lOO'^K 
by pouring liquid nitrogen into the internal part of the dev;ar, A current 
Vfas again passed through the sample determining the cold (iOO°K) resist- 
ance, A low noise wire vround resistor of approximately the sane resist- 
ance as the detector was then soldered into the junction box. 

b. Photovoltaic Detectors 

Since the thin film photovoltaic detector was mounted on a 
TO-5 header, it had to be applied to the copper block in a different way, 

A copper holder for the TO-5 header was made and fastened to the cold- 
finger with two copper screws. The base of the header W3,s then in con- 
tact with the copper block which served as ground and only one lead >ras 
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attached to the lead-in coaxial cahle. Preparation nas then the sane as 
for the photoconductor except no load resistor ..as needed. 

2, Mni ae Measurements 

For noise measurements the detector was shielded from the black- 
body radiation and the lock-in amplifier was set to the AGVM mode and 

ENBW" Q position. The noise voltage was then read directly from the 
amplifier meter for center frequencies of from 30 Hz to 10 kHz. It was 
found that for low frequencies (less than 400 Hz) the best values were 
obtained if readings were taken at values which were 30 Hz on either side 
of 60 Hz and its harmonics. These noise voltages were then normalized 
and corrected for amplifier noise using the noise figure contours pro- 
vided with the amplifier. In the photoconductive detector a correction 
factor also had to be applied to take care of the load resistor which 
resulted in a lower noise voltage. The following correction factor was 



used . The detector 




(i^/20)] 




corrected noise voltage 
measured noise voltage 






= cold detector resistance 



R = load resistance 
L 

NF = amplifier noise figure 

noise spectrum was then obtained by plotting versus center frequency 

on log -log graph paper. 

3. Signal Measurements 

In the photoconductive detectors the optimum bias current was 
found by determining the current for which the maximum signal -to-noise 
ratio was obtained. The detector was then exposed to radiation and the 
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signal voltage was msasured on the lock-in amplifier with the instrument 
function set on normal and the Q selector set as low as possible. The 
synchronous phase selector was then adjusted for maximum signal and the 
voltage was read off the amplifier meter. As in the noise measurements, 
the signal voltage had to be corrected for the load resistor. 



V = V (l + 

Sl-r 

Vg = corrected signal voltage 
Vgj_j= measured signal voltage 



4, Detector Performance Calculations 

Using values specified for the equipment used, it was found that 
the Rl'S value of the fundamental component of the modulated radiation 
signal from the blackbody vras 

V.fg = 370 X 10“^ X V/atts 

Then using values for signal and noise obtained the figures of merit were 
evaluated . 

W<, 

R = V /W , KEP = , 
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V. STUDY OF PHOTOCONDUCTIVITY 



A. RESPONSE KEASURSMSOTS 
1. Pb^ ^Sn^ ,Se Samples 

The thickness, carrier concentrations, mobilities, low and high 
temperature resistances, optimum bias current, signal voltage, normalized 
noise voltage, signal -to-noise ratio, noise eq^uivalent povrer, detectivity, 
and responsivlty are sumisarized in Tables I and II, The ciystal struc- 
tures of two of the samples were known. Sample OB-6-1 was single-crystal 
viith (lOO) orientation and OB-8-3 was polycrystalline with (lll)+(100) 
orientation. The Norelco x-ray diffractometer was not available so the 
crystal orientation of the remaining Pb^ ^Sn^ ^^Se and all the Pb^ 

Sn^ ^ 2 ^® samples could not be obtained. 

The results obtained in Ref. 7 outlined belovf and compared 
to the results obtained in this thesis. It was found that there was a 
good correlation betvreen the photo-sensitivity and the type and orienta- 
tion of the crystal structure of the sample. Single-crystal (lOO) 
crystals had good sensitivity while samples with some ( 111 ) crystal 
orientation vjere lower in sensitivity. Also slngle-crj'stal (lOO) samples 
had low mobilities and increased in resistance from room temperature to 
100°K, Crystals with some (111) crystal orientation had lower mobilities 
and a decrease in resistance with decreasing temperature. 

The data collected in this research correlates with that given 
above, however, crj^stal orientation of only two samples was known. Sample 
OB-6-1 with (loo) orientation increased from 24 ohms to 63 ohms and had 
the highest detectivity measured. The crystal structure and orientation 
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of the other sample known was poly crystalline (100)+(ill), The mobility 
of this sample vras approximately 30 times that of the (lOO) oriented 
sample and its resistance decreased with decreasing temperature. Its 
detectivity was less than half that of the (100) oriented sample. The 
data obtained on the remaining two samples indicated that they had some 
(ill) crystal orientation, Responsivities of all samples measured was 
very low. Assuming the orientation of the two unknoim samples contained 
some (ill) orientation it was observed that the responsivity varied .di- 
rectly with the resistance of the sample. This was probably due to the 
fact that responsivity doss not take into account the noise voltage 
which is also proportional to the resistance. The fact that both the 
signal and noise in the (ill) samples were proportional to the resistance 
kept the detectivities of the samples relatively close. 

The reason for the highei' detectivities in the (lOO) samples is 
thought to be due to trapping centers increasing the lifetimes of the 
majority carriers, thereby increasing the sensitivity. The trapping cen- 
ters arose due to (lOO) oriented crystal structure being grora on (ill) 
oriented substrates which created crystal defects, 

2, FDq ^^SUg^^gSe Sam ples 

The thickness, carrier concentrations and mobilities, low and 
high temperature resistances, and normalized noise voltage are listed in 
Table III for four Pb^ 532 Uq 32 ^® samples. The crystal structure was not 
known for any of the samples due to the measuring equipment being Inoper- 
able, The fact that all the resistances decreased with decreasing tem- 
perature and the fact that all Hall mobilities were greater than 13^ 
cm /v-scc seems to indicate that all the samples had some (ill) crystal 
orientation. The resistances were all very low with cold resistances 
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SUI^MARY OF MSTALLUEGICAL Al© ELECTRICAL PROPERTIES OF Pb, 
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from 8 ohms to ^2 ohms. The results of Ref, 7 shoKed photoresponse in 
Ph- oSn^ ,Se for resistance values only as low as 130 ohms. In this work 
photoresponse v?as not obtained in Pb^ samples. The very low 

resistance values seem to have been a major reason for this. 



B. NOISB r®ASURBHENT3 

Noise measurements were the same for both Pb^ j^Se and Pb^ ^Q^n^ ^ 

Se samples. The results are presented in Figures 15 and 16, Values of 
normalized noise voltage was plotted versus frequency for the four sam- 
ples of each alloy composition. Frequency values from 30 Hz to 10 kHz 
were used. At 10 kHz the values approached the theoretical Johnson noise 
for all the samples. Below this frequency the noise voltage rose rapidly 

1 . 

in all but two samples. In sample 6-1 the noise iras constant at 73 nV/Kz^ 
from 100 Hz doim and in sample 5*5 the noise did not rise as rapidly at 
low frequencies as in the remaining samples. It is thought that the 
majority of this noise was l/f noise. This is generally due to noise at 
the surface of the material or non-ohmic contacts. Since this noise was 
not as prominent in the Pb^_^Sn^Te hetoro junctions which used the same 
silver-epoxy to bond the wires, it seems the noise came mainly from the 
semiconductor surface. 
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N0I3B VOLTAGE (VOLTS/Hz^) 




FIGURE 15. NOISE SPECTRUM FOR P^o.902"0.10^® SAMPLES 
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NOISE VOLTAGE (VOLTS/Hz^) 




FIGURE 16. NOISE SPECTRUM FOR ^Sn^ SAMPLES 
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VI. STUDY OF PHOTOVOLTAIC RiSSPONS: 



Hetero junction diodes were fabricated in series which were called 
A, B, C, and D, Detailed characteristics of these diodes ai*e presented 
in Ref. 22. Photoresponse was found in only the G and D series diodes. 
Series G diodes vrere fabricated from .1 type source material viith the n 
layer on top. Series D diodes were fabricated from I typo source mate- 
rial with the p layer on top. In both cases the top layer was approxi- 
mately two microns thick. The study of photovoltaic response consisted 
of I-V evaluation, noise measurements, and response measurements. 

A. I-V EVALUATION 

The I-V rectification of the diodes was evaluated on a Tektronix 
Model 576 cux'/e tracer. The diodes vfere dipped in llq.uid nitrogen to 
determine if rectification was present. The diodes which showed good 
rectification were then mounted on the copper face of the dewar, and the 
rectification was measured at approximately 95°K, Figures 17-20 show the 
results of these I-V measurements for the diodes which exhibited some 
photoresponse. Figure 18 shows the rectification curve for diode G-34 
on two different scales. The bottom photo used a vertical scale of 
1 raicroamp per division and a horizontal scale of 5 millivolts per divi- 
sion, This provided for an accurate measurement of the zero bias resist- 
ance R^, This allowed the figure of merit R^^A, which describes the quality 

2 

of a rectifying diode, to be measured. Values of R^A as high as 76 ohm-cra 
vrere measured for diodes exhibiting photoresponse. These values are 
listed in Table IV. Figure 20 shows the rectification curves for diode 
D-65 at 95°K in the dewar and at ?7°K while dipped in liquid nitrogen. 
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DIODE C-6-B 




DIODE C-13 

FIGURE 17. RECTIFICATION CURVES FOR DIODES AT 97°K 



5 ^ 










FIGURE 18. RECTIFICATION CURVES FOR DIODE 
WITH DIFFERENT SCALING 
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DIODE D -6 




DIODE D-91 

FIGURE 19. RECTIFICATION CURVES FOR DIODES AT 95 °K 
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77°K 



FIGURE 20 . RECTIFICATION CURVES FOR DIODE D -65 
AT TWO TEMPERATURES 
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There is considerahle difference in the two curves, especially in the 
reverse bias direction. This may have been a contributing factor to 
the poor photoresponse of the diodes. The I-V characteristics of the 
diodes are treated more thoroughly in Ref. 22, 

B. NOISE MSASUREIGNTS 

The sa,me procedure was followed in making noise measurements on the 
photovoltaic samples as on the photoconductive samples. The results are 
presented in Figures 21-22, The results are consistent except for samples 
C-6-B and C-13. These two samples vrere measured the same day and had de- 
creasing noise voltage at low frequencies. It is thought that some error 
was made in carrying out the noise measurements on these two samples 
since they were the onl.y ones exhibiting such behavior and such behavior 
has not been reported in hstero junction diodes. The remaining diodes had 
typical l/f noise spectruras. In contrast to the photoconductive samples 
which approached Johnson noise at 10 Idiz, the photovoltaic diodes approach- 
ed Johnson noise at 1 IcHz. There vras also considerably less increase in 
the noise from high frequencies to low frequencies. In the photoconduc- 
tive detectors the noise increased by a factor of approximately 100 from 
10 kHz to 30 Hz, while in the photovoltaic diodes it increased by a factor 
of approxims-tely 10, In photovoltaic detectors l/f noise is proportional 
to the density of surface states at the Fermi level. The noise levels in 
the heterojunction diodes thus indicates a fairly low density of inter- 
face states. Due to Johnson noise, the detectors with high resistances 
showed the highest noise voltage, 

C. PHOTORESPONSS MEASUREMENTS 

The various figures of merit for samples exhibiting some photoresponse 
are presented in Table IV, No photoresponse was observed in the C series 



38 



NOISB VOLTAGS (VOLTS/Hz 




FIGURE 21 . NOISE SPECTRUM FOR G SERIES DIODES 
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FIGURE 22. NOISE SPECTRUM FOR D SERIES DIODES 
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diodes with a blackbody as the source of radiation. The signal voltage 
values presented ;rere obtained vrith a I 50 watt lightbulb as the source 
of radiation. It was not attempted to calculate figures of merit usiuig 
this large radiation source, Responsivity and detectivity values for the 
D series diodes were obtained with a 500°K blackbody as the radiation 
source. These values are far below those reported in Schottky barrier 
diodes and in bulk crystal Pb. Sn Te diodes. It was observed in diode 
D -65 that as the temperature rose, the signal voltage dropped rapidly. 

At approximately the signal was 320 nV and at 103°K it had dropped 

to 180 nV, Tliere was virtually no change in the noise at these two tem- 
peratures Vfhich means a significant rise in the detectivity. Figure 20 
shows the rectification of this diode at 95°K and at 77*^K, There is con- 
siderable difference in the reverse bias characteristics at the two tem- 
peratures, There are indications that much better photoresponse could 
be obtained at lower temperatures, however, not enough data was collected 
in this thesis to confirm this. Since much better photoresponse vras ob- 
tained in the D series diodes vrith the p layer exposed to incident radia- 
tion, it seems likely that the window effect heli>8d the photoresponse. 



62 



I 

I 



‘^3 



VII, CONCLUSIONS AND REG0?E'!EHDATI0N3 



A. CONCLUSIONS 

1, Pb. Sn Se Photoconductors 

1-y y 

Although the amount of data gathered Tras limited, the photoconductive 
response observed in Pb^ ^Sn^^ ^Se was in agreement with that reported in 
Ref. 7. Single -crystal (lOO) oriented Pb^ ^Sn^ ^Se material is more sen- 
sitive than material with a significant amount of (111) oriented structure. 
The (loo) oriented material also had. much higher resistances than the ma- 
terial with some (ill) orientation. No photoresponse was observed in 

^Sn^ samples tested and they all had very low resistances. Noise 

in both y = 0,10 and y = 0.32 compositions have considerable l/f noise 
and were high, typically 100 times Johnson noise, 

2, Fo. Sn Te Single Hetero junction Photovoltaic Diodes 

Photovoltaic response has been developsd in Pb. _^3n Te single 

X **X X 

hetero junction diodes. It is believed that this is the first time photo- 
voltaic response has been developed in Pb. Sn, Te hetero junctions. The 

i. ^X X 

noise spectrum has some l/f noise components up to 1 kEs, 



B. RSCOKMExNDATIOIfS 

1, Pb> Sn Se Photoconductors 
1 -y y 

Further work should be done on Pb^ ^gSe to see if higher 

resistances and photoresponse can be developed. The noise spectrum of 

Pb, Sn Se semiconductors should be further investigated to determine if 

1 y y 

the noise comes from the surface or from non-ohmic contacts. 
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2. Pb. Sn To Single Hetero junction Photovoltaic Diodes 

X 

Further investigation is needed to develop diodes which will 
consistently yield photoresponse of higher values, Slackbody response 
at temperatures lower than 95°K should be investigated. Spectral response 
analysis of the photorespouse in the diodes should be made. 
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